A low VSWR and high efficiency antenna array operating in the Ku band for satellite communications is presented in this paper. To achieve high radiation efficiency and broad enough bandwidth, all-metal radiation elements and full-corporate waveguide feeding network are employed. As the general milling method is used in the multilayer antenna array fabrication, the -plane waveguide feeding network is adopted here to suppress the wave leakage caused by the imperfect connectivity between adjacent layers. A 4 × 8 elements array prototype was fabricated and tested for verification. The measured results of proposed antenna array show bandwidth of 6.9% (13.9-14.8 GHz) for VSWR < 1.5. Furthermore, antenna gain and efficiency of higher than 22.2 dBi and 80% are also exhibited, respectively.
Introduction
Slotted waveguide antenna array has the advantages such as high power capacity, low transmission loss, and low cross-polarization level. Thus, it is widely used in radar and communication systems [1] [2] [3] . However, one of the main drawbacks of conventional slotted waveguide antenna array is its inherently narrow bandwidth because of the longline effect, and the bandwidth would become narrower with increasing array size. The other drawback of the slotted waveguide antenna arrays is the high fabrication cost, because specialized fabrication technique such as dip-brazing is always applied during the fabricating process.
Recently, corporate-feed hollow-waveguide slot arrays in millimeter wave (mmW) band with multilayer structures have been reported [4] [5] [6] [7] , and by applying the corporatefeed method, impedance bandwidths of 8% to 12% (at VSWR < 2) can be obtained without exhibiting any beam squint. An efficient antenna fabrication method known as diffusion bonding is used in the antenna array fabrication, and up to 80% of radiation efficiency can be achieved. However, because it is difficult to achieve high-temperature and uniform pressure during the manufacturing process for a largescale array, this unique fabrication method is not suitable for array fabrication in the "lower" frequency band, such as those in the Ku band. Therefore, a multilayer corporatefeed slot antenna array was proposed and fabricated by using simple milling process [8] [9] [10] . Nonetheless, the wave leakage between layers of this reported antenna array cannot be avoided, because the feeding network used here is an -plane waveguide type.
Recently, a number of antenna array designs working in the Ku band with waveguide feed network have also been reported for satellite system applications [11] [12] [13] [14] [15] . Even though all these antenna array designs have been successfully reported, however, they have exhibited certain disadvantages that may compromise the performances. For example, the microstrip antenna element and waveguide feed network have been applied in [11, 12] , and they have exhibited element loss and results in lower efficiency. Even though the coupling between elements in [13] is strong, however, that will reduce the performances of the antenna array when the array gets larger. The other disadvantage of this design is its complex structure; thus mass producing this array will be very difficult. In [14] , the connected-dipole active array is presented, and when the element is used as passive array fed by a microstrip network, the efficiency will not be high.
In [15] , the continuous transverse stub array is proposed for satellite communication; however, the structure is also very complicated, and it is not very suitable for small size array design. Therefore, in this paper, an aperture size 110 × 55 mm 2 corporate-feed slot antenna array with -plane waveguide feeding network is presented. The proposed antenna array is composed of three layers, namely, radiating slots layer, cavity layer, and a feeding network layer. Here, -plane waveguide feeding network is used to reduce wave leakage considering there are gaps between adjacent layers in real fabrication. An antenna prototype is fabricated by applying the simple milling process. Experimental results show that the proposed antenna exhibits low VSWR and high radiation efficiency (>80%) characteristics. Details of the antenna design and measurement results are shown in the following sections. Figure 1 shows the three-dimensional (3D) view of proposed antenna array structure. The antenna array is a multilayer type composed mainly of three layers, namely, the antenna radiation slots, resonant cavity, and feeding network, from top to bottom, respectively. The 2 × 2 element subarrays employed as one unit here are for the purpose of minimizing the occurrence of grating lobe as much as possible [4, 8] .
Antenna Array Configuration and Design
The design of feeding network adopts the -plane waveguide type, so that wave leakage can be prevented after the assembly.
There is also a SMA-waveguide transition at one side to convert the waveguide port to SMA port. Figure 2 shows the 2 × 2 subarray configuration with related structural parameters, and it is also comprised of three parts. The working mechanisms of the proposed subarray are as follows: (1) the energy is coupled from the -plane waveguide at the bottom layer to the resonant cavity located at the middle layer via the coupling slot; (2) there are two pairs of side walls in the cavity for the purpose of splitting the resonant higher mode, which is similar to those reported in [4, 8] ; (3) the 2 × 2 radiation slots on the top share the same resonant cavity. Due to the fact that the higher mode resonant can also be excited, the radiation slots can be equally excited. Here, the simulated -field distributions at the top of radiation slot and in the middle and bottom of the resonant cavity are shown in Figure 3 . At the bottom waveguide layer, a small notch ( × ℎ ) is loaded at one corner of the waveguide, and a distance separates the coupling slot and the waveguide edge. Notably, both parameters are implemented for impedance matching of the antenna.
To fully develop and transform the 2 × 2 subarray into a larger array antenna type, proper -plane corporate-feednetwork is therefore required. However, the full-corporate -plane waveguide feeding networks cannot be simply composed by -junctions and -junctions as reported in [4, 8] , because the output ports of T-shaped -plane waveguide junctions are excited out-of-phase. Figure 4 presents the configuration of proposed full-corporate -plane waveguide feeding networks for the 4 × 8 array, and Table 1 gives the full detailed dimensions of the antenna array. It can be seen that, due to space limitation, some of the waveguide bends and junctions are carefully routed. It is also noteworthy that the surface roughness of each mechanic layer is not very strict in this work, and thus it is not necessary to use more screws to press two layers very hard together. These factors have therefore contributed to the advantages of this proposed antenna (ease in fabrication), yielding lower fabrication cost.
Design Evolution and Parametric Studies
To further comprehend the design of this antenna, some of the vital parameters such as , , and are analyzed and presented. The simulated VSWRs of the 2 × 2 subarray by tuning the length ( ) and width ( ) of radiation slot are given in Figures 5 and 6 , respectively. As depicted in Figure 5 , tuning between 9.9 and 11.9 mm can affect the impedance bandwidth of the upper and lower operating frequencies at along VSWR < 1.5 threshold, even though the two resonances at approximately 13.9 and 14.5 GHz are nearly unaffected. In this case, optimum is chosen to be 10.4 mm, because it can give desirable bandwidth of approximately 13.67-14.68 GHz (along VSWR < 1.5) and exhibit better impedance matching for the two resonances. As shown in Figure 6 , an increase in width by 1 mm (from 4 to 6 mm) will results in shifting the lower resonance to lower frequency band (approximately 14.3 GHz to 13.73 GHz). In addition, tuning will also highly affect the operating impedance bandwidth. Here, optimum is chosen to be 5 mm, because it exhibits the widest VSWR < 1.5 bandwidth. Besides tuning the radiation slot , the simulated results in Figure 7 show that varying distance (from 0.8 to 2.8 mm) can also exhibit similar resonant frequency shifting from approximately 14.3 GHz to 13.7 GHz. Thus, in this case, the optimum chosen is 1.8 mm.
Simulated and Measured Results
The 4 × 8 antenna array design was analyzed by using commercial simulator Ansoft HFSS. The parameters shown in Figures 2 and 4 are optimized and the final dimensions are listed in Table 1 . Milling technique was applied in this case to fabricate the antenna prototype. As shown in Figure 8 , the material used for this prototype antenna is aluminum. Notably, the layer partition of the actual mechanical model is slightly different from the layers shown in Figure 2 . This is because in order to suppress the wave leakage between adjacent layers, the waveguides are intentionally split in the middle of the -plane of corporate-feed-networks, in which minimal current flow can be attained, so that the gaps caused by the partition and tight electric-contact among the metallic layers are not critical [9] . The VSWR of the antenna prototype was measured by Agilent N5224A network analyzer. The measured and simulated VSWR results are shown in Figure 9 , and good agreement can be observed. For a low VSWR of less than 1.5 (VSWR < 1.5), the measured bandwidth of proposed antenna array was 6.9% (13.9-14.8 GHz). The radiation patterns were measured in a far field range anechoic chamber. The simulated and measured radiation patterns in bothplane and -plane of proposed antenna array at 14.5 GHz (center frequency) are shown in Figure 10 . Good validation between the simulated and measured pattern is also observed. In this figure, it is realized that the side lobe level (SLL) is not very low (approximately −14 dB), because each element of the array has exhibited uniform excitation. If lower SLL is required, the tapered distribution (such as Taylor and Chebyshev distribution) technique can be used in the array design. Notably, this technique has been studied in [10] , in which an unequal power divided -junction was applied in the feeding network. However, the use of this technique will increase the manufacturing difficulty of this work, which is not favourable in this case.
The realized gain of proposed antenna array was measured by applying the conventional gain-comparison method [4] . Figure 11 shows the simulated and measured realized gain and efficiency of proposed antenna array. In this figure, stable gain variations between 22.2 dBi and 22.9 dBi over the operating bandwidth (VSWR < 1.5) of 13.9-14.8 GHz were measured. Here, the measured gains are approximately 0.2-0.8 dB lower than the simulated ones. High aperture efficiency of more than 80% is also achieved over the same operating band (13.9-14.8 GHz), and it can be up to 90% at some frequency points. Table 2 shows the comparison of performances between the proposed antenna array (this work) and those relevant reported antenna arrays that are also operating in the Ku band. Even though the operating bandwidth of proposed one may have narrower bandwidth than that of [4, 8, 12] , by further observing this table, the proposed antenna offers very high radiation efficiency of over 80% in the Ku band (with milling process). From this table, one of the main advantages (novelty) of this proposed work is its ease in fabrication, thus leading to lower manufacturing cost during mass production.
Conclusion
A multilayer slot antenna array with 4 × 8 elements has been successfully proposed in the Ku band. Full-corporate feednetwork is used in this case to achieve desirable bandwidth of 6.9% (VSWR < 1.5) without beam squints. In addition, -plane waveguide is also adopted to prevent wave leakage, which in turn can achieve high radiation efficiency of more than 80%, even though the milling fabrication process was taken into consideration. Due to its compact aperture size and good efficiency, this proposed antenna array is a good candidate for Ku band satellite communications.
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